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The dominant geodynamic processes that underpin the formation and evolution of Earth’s early crust
remain enigmatic calling for new information from less studied ancient cratonic nuclei. Here, we present
UePb ages and Hf isotopic compositions of detrital zircon grains from w2.9 Ga old quartzites and
magmatic zircon from a 3.505 Ga old dacite from the Iron Ore Group of the Singhbhum craton, eastern
India. The detrital zircon grains range in age between 3.95 Ga and 2.91 Ga. Together with the recently
reported Hadean, Eoarchean xenocrystic (up to 4.24 Ga) and modern detritus zircon grains from the
Singhbhum craton, our results suggest that the Eoarchean detrital zircons represent crust generated by
recycling of Hadean felsic crust formed at w4.3e4.2 Ga and w3.95 Ga. We observe a prominent shift in
Hf isotope compositions atw3.6e3.5 Ga towards super-chondritic values, which signify an increased role
for depleted mantle and the relevance of plate tectonics. The Paleo-, Mesoarchean zircon Hf isotopic
record in the craton indicates crust generation involving the role of both depleted and enriched mantle
sources. We infer a short-lived suprasubduction setting aroundw3.6e3.5 Ga followed by mantle plume
activity during the Paleo-, Mesoarchean crust formation in the Singhbhum craton. The Singhbhum craton
provides an additional repository for Earth’s oldest materials.
 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The dominant geodynamic processes in the early Earth and the
evolution of the crust-mantle systems through the Hadean and
Archean Eons continue to be enigmatic (Harrison et al., 2008, 2017;
Kemp et al., 2010, 2015; Bell et al., 2014; Zeh et al., 2014;
Hawkesworth et al., 2017; Mueller and Nutman, 2017). The rock
record pertaining to these periods being scarce, much of the infor-
mation on early crust formation and crust-mantle interactions is
derived largely from the detrital zircon grains entrained in younger
rocks (Harrison et al., 2008, 2017; Hawkesworth et al., 2017;Mueller
and Nutman, 2017). The best studied ancient detrital zircon grains
are from the Jack Hills metaconglomerate/quartzite, Yilgarn craton,
Western Australia (Wilde et al., 2001; Harrison et al., 2008; Kempof Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).et al., 2010). Together with constraints from numerical models, the
UePb age andHf isotope data of these ancient zircon grains have led
to disparate views on the nature of early crust and geodynamic
processes (Harrison et al., 2008; Korenaga, 2013; O’Neill and
Debaille, 2014; Gerya et al., 2015; Nutman et al., 2015;
Hawkesworth et al., 2017). The interpretations regarding composi-
tion of the Hadean crust vary from dominantly maﬁc to that with
signiﬁcant felsic components and the inferred geodynamic models
include subduction plate tectonics, stagnant lid, heat pipe and
plume tectonics (Nutman et al., 2015; Hawkesworth et al., 2017;
Mueller and Nutman, 2017). Beginning with the Eoarchean, the
zircon Hf isotope record of both magmatic and sedimentary rocks
shows evidence for short-lived juvenile magmatic events deﬁned by
chondritic Hf isotope compositions as early as 4.1e3.85 Ga ago
(Harrison et al., 2008; Wu et al., 2008; Næraa et al., 2012; Bell et al.,
2014). This has been interpreted as evidence for an increased role of
the depleted mantle reservoir, indicating a shift in the geodynamic
regime towards plate tectonic-like scenarios (Harrison et al., 2008;
Nutman et al., 2013), although the timing of this purported shift isction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
B. Sreenivas et al. / Geoscience Frontiers 10 (2019) 1359e13701360equivocal (Harrison et al., 2008; Kemp et al., 2010; Nutman et al.,
2015; Hawkesworth et al., 2017). The post-3.0 Ga record of zircon
UePb ages of the continental crust is marked by prominent peaks
and troughs that correlate with periods of supercontinent assembly
and breakup (Belousova et al., 2010; Condie and Aster, 2010; Voice
et al., 2011; Roberts and Spencer, 2015; Iizuka et al., 2017). How-
ever, an extension of this interpretation into the Eo- to Paleo-
archean interval (pre-3.2 Ga) remains controversial (Nutman et al.,
2013; Hawkesworth et al., 2017). Further, the available record for
this time window appears to vary among the different cratons. The
process of juvenile crust formation and crustal recycling in the
Phanerozoic and Proterozoic orogenic systems is consistent with the
plate tectonics paradigm, where zircon ageeHf isotope composition
distributions manifest as distinct arrays (Collins et al., 2011; Spencer
et al., 2013; Roberts and Spencer, 2015). Sincew550Ma, the range of
εHf values narrows towards super-chondritic values in the accre-
tionary (external) orogens as against a broadening trend for the
collisional (internal) orogens (Collins et al., 2011).
The discovery and characterization of ancient zircon grains from
different cratons, each with a geological record attesting to the
diversity of tectonic settings, assumes importance in understanding
the spatio-temoporal variations. Here we report new zircon UePb
age and Hf isotope data spanning nearly a billion years between
3.95 Ga and 2.91 Ga from the Singhbhum craton, eastern India.
Together with the recent reports of Hadean and Eoarchean ages for
xenocrystic zircon from a sample of Paleoarchean gneiss
(Chaudhuri et al., 2018), TTG suites (Dey et al., 2017) and detrital
zircon grains from modern river sediments (Miller et al., 2018), we
discuss here major Hadean and Archean crust formation events in
the Singhbhum craton.
2. Geological setting of the Singhbhum craton
The peninsular Indian shield is an ensemble of crustal terranes
that include Archean (>2.5 Ga) cratonic nuclei such as the
Singhbhum, Bastar, Dharwar and Bundelkhand-Aravalli cratons
with a pervasive Meso- to Neoarchean and rare Paleoarchean rock
record (Naqvi, 2005; Ramakrishnan and Vaidyanathan, 2008;
Sarkar and Gupta, 2012). The Singhbhum craton (Fig. 1) in the
eastern part of the Indian shield is a well-studied Archean granite
greenstone terrane. It is among the oldest of the Archean cratonic
nuclei that comprise the Indian shield (Mukhopadhyay et al., 2008;
Dey et al., 2017; Chaudhuri et al., 2018; Miller et al., 2018). The
Singhbhum craton, an elliptical Archean low metamorphic grade
granite-greenstone terrane, is bound by the Phanerozoic Damodar
Valley and Mahanadi Valley grabens to the north and southwest
and the Proterozoic Eastern Ghats Granulite Terrane to the south-
east. The northern and southern limits comprise prominent thrust
zones (Sarkar and Saha, 1983; Saha et al., 1988; Mukhopadhyay,
2001; Roy and Bhattacharya, 2012). The Archean basement of this
low-medium grade (greenschist-amphibolite facies) metamorphic
terrane comprises w3.53e3.29 Ga tonalite-trondhjemite-
granodiorite (TTG) gneisses referred to as the Older Metamorphic
Tonalite Gneiss (OMTG) and over a dozen granitoid plutons
collectively known as Singhbhum Granite (SG) (Dey et al., 2017)
with supracrustal rock enclaves, the Older Metamorphic Group
(OMG). The central granite-gneiss domain is surrounded by belts of
3.5e3.4 Ga supracrustal rock successions (greenstones), the Iron
Ore Group (IOG).
2.1. The granitoids (OMTG, SG and OMG suites)
The recent UePb zircon age data on the Singhbhum craton have
been summarized by Dey et al. (2017) and shown in Fig. 2. The
central part of the craton comprises OMTG, SG and OMG rocksuites. The age of magmatism has been constrained at about
3.47 Ga, 3.35 Ga and ﬁnal phase at 3.30 Ga (Dey et al., 2017). Their
geochemical characteristics suggest crustal reworking caused by
episodic plume in an oceanic plateau with no involvement of
mantle (Dey et al., 2017).2.2. The supracrustals (Iron Ore Group)
The most widespread Archean supracrustal successions of the
craton comprise the Iron Ore Group (IOG), shallow and deep water
facies sedimentary rock units such as Banded Iron Formation (BIF),
quartzites, metapelites and carbonates interlayered with maﬁc and
felsic metavolcanic rocks (Mukhopadhyay et al., 2008). The IOG is
one of the best preserved Paleoarchean greenstone successions
known in the Indian shield. It is distributed in three synformal
discontinuous basins referred to here as the eastern (the
GorumahisinieBadampahar basin), western (the Koira-Jamda ba-
sin) and southern (the Tomka-Daitari basin)-IOG. These successions
consist of low metamorphic grade rock units including bimodal
(maﬁc/ultramaﬁc and felsic) metavolcanics, pillowed and/or
massive metabasalt with subordinate felsic lava-tuff, minor units of
bedded chert, shale and a prominent Banded Iron Formation e BIF
(Mukhopadhyay et al., 2008). The volcanic suite is tholeiitic with
rare komatiite. The greenstone sequence in the southern IOG (S-
IOG) is in thrust contact with the Paleo- to Mesoarchean Sukinda
ultramaﬁc rocks that are inter-layered with podiform chromitites
(Mondal et al., 2007; Mukhopadhyay et al., 2008). Based on the
lithological association, structure and geochemical signatures both
plume-related (Prabhakar and Bhattacharya, 2013; Dey et al., 2017)
and plate tectonic-style (Mukhopadhyay et al., 2008, 2012) models
have been advocated for this granite-greenstone terrane. The S-IOG
belt and the enclosing Singhbhum granites are overlain uncon-
formably by detached belts of thick shelf-facies mature quartzites,
conglomerates, and mud stones (about 1500 m thick) with minor
volcanics (Mukhopadhyay et al., 2014; Ghosh et al., 2016) collec-
tively referred to here as the Mahagiri quartzites (Fig. 3). A gener-
alized stratigraphic succession of the S-IOG is given in Fig. 4. The
present study is centered on S-IOG, where a deep-marine deposi-
tional setting based on extensive development of pillowed and
massivemaﬁc lavas interbeddedwith bedded chert, felsic lava units
and BIFs (up to 120 m thick) has been described (Mukhopadhyay
et al., 2008; Ghosh et al., 2016). The dacitic volcanic unit has been
described as a deep-water facies ash-poor, non-vesiculated, welded
pyroclastic units erupted under a steam cupola. The volcanic suc-
cession progressively aggraded to a shallow water facies followed
by the deposition of BIFs. Trace element data show enrichment of
La/Nb, Th/Nb, Th/La, Ba/La, Pb/Ce and depletion in NbeTa relative to
neighboring REEs comparable to volcanic rocks from the Phaner-
ozoic suprasubduction arc-forearc settings (Mukhopadhyay et al.,
2012). The Mahagiri quartzites are deposited on the SG granites
representing the ﬁnal phase of sedimentation during the Archean
period of the Singhbhum craton. A paleosol is reported at the
basement cover interface (Mukhopadhyay et al., 2014). In this
study, detrital zircon grains from two samples of Mahagiri quartzite
(IOG-6 and SC-17-7) and zircon separates from a dacite lava sample
(SC-17-2) from the S-IOG (Fig. 3) have been analyzed for UePb and
Hf isotope compositions.3. Methods and materials
The zircon analyses were performed using Sensitive High Res-
olution Ion Microprobe (SHRIMP), Laser Ablation (LA) Inductively
Coupled Plasma Mass Spectrometer (ICP-MS) and multi collector
(MC) ICP-MS techniques.
Figure 1. Simpliﬁed geology of the Archean Singhbhum Craton (SC). OMG: Older Metamorphic Group; OMTG: Older Metamorphic Tonalite Gneiss; IOG: Iron Ore Group.
B. Sreenivas et al. / Geoscience Frontiers 10 (2019) 1359e1370 1361The zircon grains were separated by clean heavy-mineral sep-
aration techniques and mounted in epoxy resin. The detrital zircon
grains were ﬁrst analyzed using a 213 nm New Wave Nd-YAG LA
system coupled to a quadrupole ICP-MS at Council of Scientiﬁc
Industrial Research-National Geophysical Research Institute (CSIR-
NGRI), revealing the extreme antiquity of some grains. Aliquots of
zircon from the same quartzite and dacite samples were analyzed
for UePb isotopes using the SHRIMP IIe at Geoscience Australia
(GA). All Hf isotope measurements were carried out using a Reso-
lution 193 nm EXCIMER LA coupled to MC-ICP-MS (Nu-HR) at CSIR-
NGRI. The laser spots for Hf isotope analysis coincided with those of
SHRIMP analyses.
Sample IOG-6 was processed for zircon extraction at Indian
Institute of Technology (Indian School Mines), Dhanbad. Samples
SC-17-2 and SC-17-7 were processed at CSIR-NGRI. A random
fraction of zircon separates from sample IOG-6 was analyzed for
UePb by LA-ICP-MS at CSIR-NGRI and another fraction of zircon
from the same sample, and those from the two other samples, were
analyzed by SHRIMP IIe at GA.3.1. UePb analysis by LA-ICP-MS
A detailed account of the analytical procedure, instrument
conditions and data processing is given in Appendix I andsummarized brieﬂy below. Samples were crushed, milled and
sieved forw300 mm to 50 mm grain size. Zircon concentrates were
obtained by a combination of Wilﬂey shake table, Franz iso-
dynamic magnetic separator, methylene iodide heavy liquid and
handpicked under a binocular microscope. Zircon grains were
mounted in epoxy resin discs, polished, carbon coated and CL
images were obtained using VEGA3 TESCAN SEM-CL at the CSIR-
NGRI. These were imaged at a working distance of 17 mm and
accelerating voltage of 15e20 kV. Zircon UePb dating was per-
formed using a 213 nm Nd-YAG (UP213, New Wave Research) LA
system coupled to Thermo XseriesII ICP-MS. The isotopic analyses
followed standard zircon bracketing using zircon standard
GEMOC-GJ1, additionally zircon standards OGC, 91500 as well as
TEMORA were analyzed as unknowns in each session for moni-
toring reproducibility and instrument stability. The laser spot size
was 40 mm with a typical pit depth of 30e50 mm, with 10 Hz
repetition rate and ﬂuence around 12 mJ/cm2. Each ablation
comprised measurement of blank for 60 s followed by data
acquisition up to 120 s for masses 204Pb, 206Pb, 207Pb, 208Pb, 232Th,
235U and 238U as explained elsewhere (Grifﬁn et al., 2004; Babu
et al., 2009). Common Pb corrections were performed by Ander-
sen’s method (Andersen, 2002) because of the extremely low
204Pb and a potential interference from 204Hg. The software
package GLITTER was used ofﬂine for calculating the UePb ages
Figure 2. Geological map of the Singhbhum craton (modiﬁed after Dey et al., 2017) showing the location of Fig. 3, the S-IOG. Sources for the zircon UePb ages are referred in
parenthesis: (1) Acharyya et al. (2010); (2) Nelson et al. (2014); (3) Misra et al. (1999); (4) Tait et al. (2011); (5) Upadhyay et al. (2014); (6) Mukhopadhyay et al. (2008); (7) Basu et al.
(2008); (8) Dey et al. (2017); (9) Chattopadhyay et al. (2015).
B. Sreenivas et al. / Geoscience Frontiers 10 (2019) 1359e13701362from the raw signal data. Isoplot version 3.0 (Ludwig, 2003) was
used for UePb concordia plots. 206Pb/238U vs. 207Pb/235U age for
zircon standard GJ1 during this study was 615  15 Ma (2s,
MSWD ¼ 0.1, n ¼ 10) and that for OGC was 3408  100 Ma (2s,
MSWD ¼ 1.3, n ¼ 9) and 91500 was 1068  27 Ma (2s,
MSWD ¼ 2.2, n ¼ 4). These values are consistent with the pub-
lished LA-ICP-MS age data for the stated standards (Andersen,
2002; Jackson et al., 2004; Stern et al., 2009).3.2. UeThePb analysis by SHRIMP IIe
The zircon was prepared for SHRIMP analysis by casting several
hundred grains in an epoxy mount with zircon standards TEMORA
2 and SL13. The grains were exposed by hand on 1200 grade SiC
paper, then polishedmechanically using 3 and 1 mmdiamond paste.
After CL imaging on a JEOL JSM-6610 SEM at the Research School of
Earth Sciences, ANU, the mounts were thoroughly cleaned inpetroleum benzine, RBS detergent solution and Millipore water,
then coated with 13 nm of high purity Au.
The zircon grains were analyzed for UeThePb isotopes on the
SHRIMP IIe ion microprobe at GA using a procedure based on that
described in Williams and Claesson (1987), Claoué-Long et al.
(1995) and Williams (1998). In brief, the zircon grains were
sampled with a w3 nA, 10 kV, negative O2 primary ion beam
focused to a spot 20 mmdiameter. Positive secondary ions sputtered
from the zircon were extracted at 10 kV and analyzed at a mass
resolution of ca. 5000 by peak stepping through the Zr, Pb, U and Th
isotopes of interest, using a single ETP discrete-dynode electron
multiplier and magnet ﬁeld switching. Each analysis consisted of 4
cycles through the isotope sequence, takingw9 min.
UeThePb ratios were determined with reference to TEMORA 2
(radiogenic 206Pb/238U ¼ 0.06683) and U concentrations with
reference to SL13 (238 ppm U). Pb isotopic compositions were
measured directly without correction for instrumental mass frac-
tionation (<1& / amu). The data were reduced using in-house
Figure 3. Geological map of parts of southern and western IOG showing location of quartzite samples.
B. Sreenivas et al. / Geoscience Frontiers 10 (2019) 1359e1370 1363PRAWN and LEAD software. All analyses were corrected for com-
mon Pb using the measured 204Pb and a common Pb composition
corresponding to the age of the analyzed spot (Cumming and
Richards, 1975). Uncertainties in the date of an individual spot
mentioned in the text, listed in data tables and plotted on the
concordia diagrams are  1s.3.3. LueHf isotopic analysis by LA-MC-ICP-MS
A Resolution SE 193 nmArF Excimer laser ablation systemwith a
Laurin Technic S155 dual-volume laser ablation cell connected to a
Nu Plasma high-resolution MC-ICP-MS was used for the Lu, Hf, Yb
isotopic measurements at CSIR-NGRI. Zircon grains with 10%
discordant SHRIMP UePb spot ages were analyzed by placing laser
spots right on those of SHRIMP. The Nu Plasma analytical procedure
is similar to those given in (Grifﬁn et al., 2006; Vijaya Kumar et al.,
2017). Time-resolved analyses using Nu Plasma software were
performed with the laser-ablation system operating at 10 Hz fre-
quency, 38 mm spot size, and 80% energy with ﬂuence 12 J/cm2.
Background was measured for 60 s, while the duration of data
acquisition varied between 90 s and 120 s. Standard zircon GJ1 was
the internal standard and analyzed repeatedly in cycles each
bracketing 5 unknown zircon grains accompanied with standard
TEMORA and Mud Tank for monitoring data quality and reproduc-
ibility. Interferences of 176Lu and 176Yb on 176Hfwere corrected using
measured intensities of interference-free 175Lu and 172Yb (Grifﬁn
et al., 2004, 2006). Initial 176Hf/177Hf ratio at the age of the zircon
spot was calculated using the decay constant of 1.865  1011 yr1
(Scherer et al., 2001) the measured 176Hf/177Hf ratio, and the infer-
red zircon crystallization age from the UePb concordia. Epsilon Hf
(εHf) values were calculated with reference to the chondrite reser-
voir (CHUR) assuming present-day chondritic 176Hf/177Hf and
176Lu/177Hf values of 0.282772  0.000029 and 0.0332  0.0002,respectively (Blichert-Toft and Albarède, 1997). Calculated
depleted-mantle model ages (TDM) based on the measured
176Lu/177Hf ratios representminimum crustal residence ages tend to
be not reliable for unradiogenic Hf isotope compositions. Hence, a
two-stagemodel agewas calculated using themeasured 176Lu/177Hf
value of each spot at the age of the zircon (TDM, ﬁrst stage), a
176Lu/177Hf of 0.015 (Grifﬁn et al., 2000) for the average continental
crust (TDMC, second stage), and depleted-mantle 176Lu/177Hf and
176Hf/177Hf values of 0.0384 (Scherer et al., 2001) and 0.283251
(Nowell et al., 1998). During the analytical sessions the Geo-
standards GJ1, Temora2 and 91500 zircon standards were also
repeatedly measured, for which normalized 176Hf/177Hf values and
weighted averages are 0.282005, εHf ¼ 13.51  0.72 (n ¼ 10);
0.282742, εHf¼ 8.4 1.3 (n¼ 10); 0.282432, εHf ¼ 11.6  1.5 (n¼ 5),
respectively, where uncertainties are 1s deviations. These values
are indistinguishable, within limits of error, from the laser-ablation
MC-ICP-MS measurements at elsewhere for the two standards
(Grifﬁn et al., 2007; Clements et al., 2012).4. Results
4.1. Zircon textures and U, Th abundance
The detrital zircon grains are typically 50e120 mm in length
except for a few fragments of larger grains. The aspect ratios are
typically 1:2 and rarely 1:3. The zircon grains vary in shape from
elliptical to nearly rounded indicating signiﬁcant sedimentary
transportation prior to the deposition of Mahagiri sandstones. The
Cathodoluminescence (CL) images for a few representative zircon
grains from the samples IOG-6 and SC-17-7 are shown in Fig. 5aec,
where most images represent longitudinal cross-sections. In gen-
eral, these zircon grains are characterized by low to moderate
luminescence and commonly show oscillatory growth zoning.
Figure 4. A generalized stratigraphic succession of S-IOG.
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in Fig. 5a; IOG-6-27, 68 in Fig. 5b). Patchy zoning is rare. Apart from
dark metamictic domains in a few grains, no ﬂuid or mineral in-
clusions are discernible. These textures suggest preservation of
primary magmatic character of a vast majority of the zircon grains
analyzed here. However, a few grains have thin (<5 mm) discon-
tinuous brightly luminescent rims (e.g., IOG-6-39 and IOG-6-2-39,
Fig. 5a), which may represent relict metamorphic zircon over-
growths. Apart from these, most of the zircon grains lack meta-
morphic overgrowths. Effects of alteration indicated by bright
luminescent patches across growth zoning and/or metamictization
is common to many grains, such domains were avoided in the
analysis and analytical spots were placed in crack and inclusion-
free domains showing uniform luminescence. In sample IOG-6,
more than two-thirds of the analyzed zircon grains are concor-
dant (10% discordance). The concordant zircon grains have U
content between 12 ppm and 451 ppm (avg. 145 ppm), Th ranging
between 8 ppm and 314 ppm (avg. 90 ppm) and the Th/U values lie
between 0.17 and 1.79 (avg. 0.70). In most cases, the discordant
zircon grains have a similar range of U, Th and Th/U values but some
have clearly higher abundance of U (up to 723 ppm), Th (up to
1023 ppm) and Th/U (up to 2.12).
In sample SC-17-7, nearly all zircon grains are concordant with U
abundance ranging between 41 ppm and 566 ppm (avg. 179 ppm),
Th ranges between 11 ppm and 627 ppm (avg. 318 ppm) and the Th/
U between 0.12 and 1.70 (avg. 0.66). The Th/U values (consistently
>0.1) of the detrital zircon grains from the Mahagiri quartzites arecomparable with values reported for igneous zircon in several
studies elsewhere (e.g., Rubatto, 2002; Cavosie et al., 2004). The
reason(s) for the higher U, Th and Th/U values in the discordant
zircon grains is ambiguous, but may be related to effects of meta-
mictization as indeed evident from the CL images of the grains with
higher values.
Zircon grains from the sample SC-17-2, dacitic lava are in the
50e100 mm range, generally preserving prism and pyramidal out-
lines and a clear concentric (oscillatory) growth zoning typical of
magmatic zircon. These zircon grains have U concentrations
ranging between 65 ppm and 280 ppm (avg. 162 ppm), and Th
between 42 ppm and 370 ppm (avg. 165 ppm). Th/U values range
between 0.59 and 1.40 (avg. 0.93). The microtextures and Th/U
values indicate typical magmatic character.4.2. Zircon UePb ages
The UePb age and Hf isotope compositions of the analyzed
zircon grains from the three samples are given as supplementary
data table (Appendix II) and represented as concordia plots in Fig. 6.
The 207Pb/206Pb age spectra of detrital zircon grains with UePb
isotopic compositions that are 10% discordant are shown in
Fig. 7. SHRIMP UePb age data of sample IOG-6 yielded 6 zircon
grains with Eoarchean ages between 3950 Ma and 3661 Ma, along
with a dominant (86%) Paleo- to Mesoarchean population
(3510e3176 Ma) (Fig. 7a). Additionally, LA-ICP-MS analysis in-
dicates 6 Eoarchean zircon grains with ages between 3947 Ma and
3601 Ma from the sample IOG-6 (Fig. 7a). These data show
continuous spread of ages between 3.95 Ga and 3.6 Ga. On the other
hand, a gap in the zircon age data between 4.0 Ga and 3.7 Ga is
evident in recently published data (Chaudhuri et al., 2018; Miller
et al., 2018). Notably, our data ﬁlls in this gap resulting in a
contiguous HadeaneEoarchaen spread of zircon ages from the
Singhbhum craton. The Eoarchean source rocks for these sediments
are unknown/inaccessible. The age spectra of detrital zircon pop-
ulation from sample SC-17-7 and seven other quartzite samples
from the region reported earlier (Mukhopadhyay et al., 2014) are
shown in Fig. 7b. The crystallization ages of these range from
3580 Ma to 2909 Ma. The dominant age population (57% in sample
SC-17-7; Fig. 7b) range between 3220 Ma and 3438 Ma, with a
prominent peak at w3.35 Ga. The age spectra of zircon from
modern river sands from the craton (Miller et al., 2018) as well as
the Archean sandstones (Mukhopadhyay et al., 2014) showa similar
range and prominent peak at w 3.35 Ga. This, along with the
smaller peaks (<10%) at w3.5 Ga and w3.1 Ga, correlates with
available UePb zircon age data from the OMTG, SG and felsic vol-
canic suites (Fig. 2). The age limit to the deposition of Mahagiri
quartzites was constrained previously at 3.02 Ga (Mukhopadhyay
et al., 2014). However, zircon spot ages between 2909 Ma and
2970 Ma from sample SC-17-7 (3 grains), may constrain deposition
of the Mahagiri quartzite to be younger than 2909 Ma. Although
this population of <3.0 Ga zircon grains is statistically insigniﬁcant
(<5%), the fact that the 2909 Ma zircon is concordant supports our
inference. The Eoarchean zircon grains are found only in sample
IOG-6, probably localized in a speciﬁc stratigraphic unit, analogous
to the restricted occurrence of abundant >4.0 Ga zircon population
in the Jack Hills metasedimentary belt (Wilde et al., 2001). The
zircon crystals from a dacitic lava from the S-IOG yield a concordant
UePb age of 3505.5  5.0 Ma, with MSWD ¼ 0.64 (Fig. 8), which is
indistinguishable from an earlier report of 3506.8  2.3 Ma
(Mukhopadhyay et al., 2008), conﬁrming its precise age and the
view that the S-IOG is the oldest greenstone sequence in the Indian
shield.
Figure 5. CL images of representative zircons of this study. The spot ages in Ma and
εHf(t) values are shown. SHRIMP spot e green circle; LA-MC-ICP-MS spot e yellow
circle. (a) CL images of zircon grains of sample IOG-6 analyzed by SHRIMP, (b) analyzed
by LA-ICP-MS and (c) zircon grains of samples SC-17-7 and SC-17-2 analyzed by
SHRIMP.
Figure 6. UePb concordia diagrams of (a) zircons of sample IOG-6 and (b) sample SC-
17-7 analyzed using SHRIMP and (c) LA-ICP-MS analysis of zircons of sample IOG-6.
B. Sreenivas et al. / Geoscience Frontiers 10 (2019) 1359e1370 13654.3. Zircon Hf isotope compositions
Fig. 9a shows a plot of zircon Hafnium isotope compositions and
age for the two quartzite samples and one dacite along with pub-
lished data on both magmatic (from OMTG and SG, Dey et al., 2017;
Chaudhuri et al., 2018) and detrital zircon grains frommodern river
Figure 7. Kernel Density Estimate plots (using ISOPLOTR; Vermeesch, 2018) of 207Pb/206Pb age spectra of detrital zircons from Mahagiri quartzites. (a) Sample IOG-6, SHRIMP data,
(b) sample IOG-6, LA-ICP-MS data, (c) sample SC-17-7, SHRIMP data and (d) data from zircon grains of 7 samples of Mahagiri quartzite (Mukhopadhyay et al., 2014), LA-ICP-MS data.
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Eoarchean detrital zircon grains from sample IOG-6 have markedly
unradiogenic Hf isotope compositions (εHf(t) ¼ 9.7 to 3.4). The
Hadean and Eoarchean xenocrystic and modern detrital zircon
analysis also show unradiogenic εHf(t) values (Chaudhuri et al.,Figure 8. UePb concordia plot of zircons from dacite sample (SC-17-2). Symbol colors
correspond to U concentration of zircons.2018; Miller et al., 2018). In contrast, the Paleoarchean Singhb-
hum zircon Hf compositions (this study; Dey et al., 2017; Chaudhuri
et al., 2018; Miller et al., 2018) are overwhelmingly radiogenic or
super-chondritic. The zircon grains from the 3.51 Ga dacite from the
S-IOG have strikingly positive εHf(t) ranging from þ0.5 to þ7.8,
mostly plotting close to the DM curve.
5. Discussion
In general, potential scenarios to explain shifts in εHf(t) from
unradiogenic to radiogenic values include: (i) subduction-like
processes involving destruction of older crust and addition of
new crust (Næraa et al., 2012; Nutman et al., 2013; Bell et al., 2014)
and (ii) major mantle overturn events that may lead to establish-
ment of thick maﬁc plateau (Grifﬁn et al., 2014). However, as stated
earlier the timing of subduction initiation has been contentious
with proposals ranging from Hadean to Neoarchean. Some authors
have proposed that modern style subduction on Earth did not begin
until Neoproterozoic (e.g. Stern, 2005; Brown, 2008). Globally, the
convergence of several lines of evidence such as the hot astheno-
sphere, lower rigidity of lithosphere, change in the composition of
the juvenile crust, rate of production and destruction of continental
crust and recycling of water etc., have been proposed to suggest
establishment of plate tectonicsw3.0 Ga (Dhuime et al., 2012; Tang
et al., 2016; Hawkesworth et al., 2017). Alternative proposals for the
formation of ancient continental masses and rifting around 3.66 Ga
and 3.53 Ga, respectively have been suggested (Korenaga, 2013).
A comparison of the Singhbhum data with those from several
Archean cratons is presented in Fig. 9b. At the HadeaneEoarchean
transition, several gneissic suites (e.g., Acasta, Itsaq and Anshan)
show near chondritic εHf(t) values (Kemp et al., 2015). This suggests
Figure 9. (a) The age vs. εHf(t) (εHf ¼ ((176Hf/177Hfsample)/(176Hf/177Hfchondrite) 1)  104) plot of magmatic and detrital zircons from the Singhbhum craton (data from this work and
Dey et al., 2017; Chaudhuri et al., 2018; Miller et al., 2018). CHURechondritic uniform reservoir, DMedepleted mantle, JHeJack Hills zircons (Kemp et al., 2010; Bell et al., 2014). The
global mean curve is from Roberts and Spencer (2015). Note a prominent shift in the εHf(t) values at w3500 Ma in the Singhbhum zircon data and three distinct events of crust
generation during the Paleoarchean (thick black arrows on x-axis). The unradiogenic εHf(t) values of the Hadean and Eoarchean zircons suggest involvement of maﬁc protocrust and/
or TTG-like sources extracted between w4200 Ma (SC-1) and 4000 Ma (SC-2). (b) Comparison of the Singhbhum magmatic and detrital zircons with global data (n ¼ 1371). The
references to each data set is given in parentheses: (1) Dey et al. (2017); (2) Chaudhuri et al. (2018); (3) Miller et al. (2018); (4) Kemp et al. (2015); (5) Kemp et al. (2010); (6) Bell et al.
(2014) (the Jack Hills zircon ﬁeld in both Fig. 9a, b are drawn after the compilation on the zircons on which coupled HfePb are provided); (7) Iizuka et al. (2009); (8) Amelin et al.
(2000); (9) Zeh et al. (2013); (10) Zeh et al. (2011); (11) Satkoski et al. (2013); (12) Næraa et al. (2012); (13) Hiess et al. (2009); (14) Wu et al. (2008); (15) Kaur et al. (2014); (16) Zeh
et al. (2010); (17) Zeh et al. (2014); (18) Frost et al. (2017); (19) Mueller and Wooden (2012).
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ation of most Eoarchean felsic crustal components (Kemp et al.,
2015). Unlike most Eoarchean gneisses, the 3.95e3.66 Ga Singhb-
hum detrital zircon populations (this study) as well as the other
reported Hadean and Eoarchean zircon data from the craton
(Chaudhuri et al., 2018; Miller et al., 2018) suggest involvement of
Hadean crust in the generation of their parental melts. On the εHf(t)
vs. age plot (Fig. 9a), broad trajectories SC-1 and SC-2 best ﬁt the
distribution Singhbhum HadeaneEoarchean zircon compositions.
These trajectories with 176Lu/177Hf ¼ 0.008 correspond to TTG-like
sources that formed at w4.3e4.2 Ga (SC-1, zircon grains with
>3.7 Ga ages) andw3.95 Ga (SC-2, zircon grains with<3.6 Ga) each
followed by a by a continuously decreasing εHf(t) trend. Such a
continuous involvement of enriched reservoirs between w4.2 Ga
and 3.6 Ga is inconsistent with magma generation through plate
tectonic processes.
The positive εHf(t) values of zircon from the dacite and a vast
majority of Paleo-, Mesoarchean detrital population from samples
IOG-6 and SC-17-7 have super-chondritic εHf(t). The Paleoarchean
magmatic zircon population from the OMTG, SG suites (Dey et al.,
2017; Chaudhuri et al., 2018) and those from the modern detritus
(Miller et al., 2018) show a wider range including several sub-
chondritic εHf(t) values. Overall, the Singhbhum zircon data re-
cord a prominent shift from unradiogenic to radiogenic Hf isotope
compositions at about 3.6e3.5 Ga. This suggests the establishment
of depleted mantle byw3.5 Ga and its continuous involvement in
the Paleo-Measoarchean magmatism of the craton. Though zircon
record of several igneous suites of w4.0 Ga to 3.8 Ga are charac-
terized by positive εHf(t) as stated earlier (see Kemp et al., 2015),
recent work on the unaltered igneous rocks from Greenland sug-
gest derivation from chondritic like sources by low volume melting
of (Fisher and Vervoort, 2018). This implies that major mantle
depleting events might have occurred between 3.6 Ga and 3.5 Ga
globally. The overall Eoarchean age-Hf distribution in the Singhb-
hum craton is similar to that observed in cratons such as Wyoming,
which also record a drastic shift in εHf(t) values at 3.6e3.5 Ga
(Mueller andWooden, 2012). The predominance of radiogenic εHf(t)
values in the post-3.5 Ga zircon data from the Singhbhum craton
attests to a sustained role of magmatism from depleted mantle
sources throughout the Paleo- andMesoarchean periods. The range
of sub-chondritic εHf(t) values of this zircon population suggests
involvement of older felsic crust but no older than 3.6 Ga. This
implies isolation of the Hadean, Eoarchean crustal sources in the
Paleo-, Mesoarchean crust forming events.
Thus it is likely that the Paleo- to Mesoarchean magmatism in
the Singhbhum craton involved operation of some form of plate
tectonics. Interestingly, a suprasubduction zone setting for the
origin of 3.51 Ga bimodal volcanic suite of the S-IOG was proposed
based on the geochemical compositions of volcanic rocks
(Mukhopadhyay et al., 2012), which is also consistent with our
inference of a depleted mantle source for the dacite lava. On the
other hand, autochthonous tectonic models involving melting at
the base of a thickened oceanic plateau possibly affected by
recurrent mantle plumes have been suggested for the TTG com-
ponents of the craton (Prabhakar and Bhattacharya, 2013; Dey et al.,
2017).
In this context, the role of within plate magmatism and vertical
tectonics invoked for the classical Palaeo-Mesoarchaean dome and
basin greenstone-gneiss terranes (e.g. Singhbhum craton,
Prabhakar and Bhattacharya, 2013; Pilbara craton, South Africa,
Sandiford et al., 2004; Hawkesworth et al., 2017) assumes signiﬁ-
cance. In these terrains the generation of TTG components is
ascribed to processes such as melting of the base of thickened hy-
drated basaltic crust (oceanic plataeux; Smithies et al., 2009;
Johnson et al., 2017) and/or subduction of the latter (Martin et al.,2014). We suggest here that the 3.51 Gyr bimodal volcanic suc-
cession recording strongly positive εHf(t) values of the IOG might
represent an early stage of formation of an oceanic plateau possibly
in a suprasubduction setting (Mukhopadhyay et al., 2012) related to
a short-lived subduction tectonic regime. Further, the presence of
both positive and negative εHf(t) values of 3.5e3.2 Gamagmatic and
detrital zircon from the craton suggest recurrent mantle upwelling
and melting at the base of a progressively thickening oceanic
plateau (see also Prabhakar and Bhattacharya, 2013; Dey et al.,
2017) similar to Pilbara tectonic model (Smithies et al., 2009;
Johnson et al., 2017). This possibly involved cyclic gravitational
overturns (Wiemer et al., 2018). This mode of concurrent juvenile
felsic and maﬁc crust generation with associated delamination of
residual maﬁc crust could characterize the pre-plate tectonic sce-
nario prior to 3.2e3.0 Ga period (Hawkesworth et al., 2017) that
may correspond to ‘lid breaking’ event (Beall et al., 2018). We, thus
propose that a combination of plate and plume tectonic processes
accounts for the Paleo-, Mesoarchaen crust formation in the craton.
In the pre-3.0 Ga period, several Paleo- to Mesoarchean zircon
populations from the terranes such as the Limpopo belt (Zeh et al.,
2014), Minnesota River Valley gneisses (Satkoski et al., 2013) and
Greenland (Næraa et al., 2012), show predominantly unradiogenic
εHf(t) values. Their distribution can be explained in terms of recy-
cling of predominantly Eo- to Paleoarchean crustal components. On
the other hand, positive εHf(t) values appear starting fromw3.5 Ga
in the Singhbhum and North China (Wu et al., 2008; Wan et al.,
2015) cratons as well as the Barberton region (Zeh et al., 2013)
suggesting addition of voluminous felsic crust generated through
processes involving depleted mantle sources. Overall, Paleo- to
Mesoarchean terranes record evidence for both simultaneous
recycling of older crust and addition of new crust extracted from
depleted mantle source in the time period between 3.5 Ga and
3.0 Ga. Interestingly, the recent work on Ti isotope compositions
(d49Ti) in marine shales reﬂect predominance of felsic crustal
components in the provenance since at least w3.5 Ga, a scenario
consistent with operation of plate tectonics by this time (Greber
et al., 2017).6. Conclusions
The zircon age spectra from the Singhbhum craton comprising a
continuum from w4.2 Ga to 2.9 Ga serve as a new repository to
understand the early Earth evolution. The detrital zircon UePb ages
in the Mahagiri quartzite, Singhbhum craton, range from 3.95 Ga to
2.91 Ga and magmatic zircon grains from a dacite sample yield an
age of 3505.5  5.0 Ma. Together with recent ageeHf data, the
Hadean to Eoarchean zircon populations of the Singhbhum craton
indicate recycling of Hadean felsic crust. There is evidence for a
drastic shift from unradiogenic to radiogenic Hf isotope composi-
tions at w3.5 Ga, which continued till 3.0 Ga reﬂecting a shift in
geodynamic regime at the beginning of the Paleoarchean period.Acknowledgements
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